Introduction
Many cytokines induce tyrosine phosphorylation and subsequent activation of signal transducers and activators of transcription (STATs) 5A and STAT5B, the products of 2 highly related STAT5 genes. 1, 2 Mice deficient in both genes were found to have defects in response to growth hormone and prolactin, and the functions of peripheral T lymphocytes were compromised. 2 Loss of STAT5 also led to severe anemia in fetal mice. 3 Recently, much attention has been focused on the dominantnegative forms of STAT5A and STAT5B, which lack carboxyterminal domains. [4] [5] [6] [7] [8] [9] A serine protease was reported to cleave both isoforms, and there is evidence for a role of the truncated STAT5s in myeloid differentiation. [6] [7] [8] [9] We previously found that STAT3 and STAT5 are present in platelets and that tyrosine phosphorylation is induced on platelet stimulation by thrombopoietin. [10] [11] [12] In addition, by using platelets, we and others identified numerous substrates for calpain, including p60src, PTP1B, and focal adhesion kinase. [13] [14] [15] [16] [17] Therefore, in this study, we used platelets to find a novel nuclear-free cleavage pathway of STATs. We found that both STAT5 and STAT3 were substrates for calpain in vivo and in vitro.
Study design
Calpeptin and -calpain were from Calbiochem 18 (San Diego, CA). An anti-pan STAT5 monoclonal antibody (MoAb) and an anti-STAT3 MoAb against the amino-terminal domain of STAT3 were from Transduction Laboratories (Lexington, KY). The anti-STAT5A and anti-STAT5B polyclonal antibodies against the carboxyl-terminal domains of each STAT were from R&D Systems (Minneapolis, MN). A polyclonal antibody against the carboxy-terminal domain of STAT5 that reacts with both isoforms and a polyclonal antibody against the carboxy-terminal domain of STAT3 were from Santa Cruz Biotechnology (Santa Cruz, CA). Dibucaine and human thrombin were from Sigma (St Louis, MO).
Platelet preparation
Washed platelets (3 ϫ 10 8 cells/mL) were prepared as described previously 10, 11 and suspended for the experiments in modified HEPES-Tyrode buffer supplemented with apyrase (0.6 U/mL) and Arg-Gly-Asp-Ser peptide (200 g/mL).
Platelet stimulation and protein analysis
Aliquots of platelets (0.5 mL; 3 ϫ 10 8 cells/mL) were incubated in modified HEPES-Tyrode buffer supplemented with apyrase (0.6 U/mL) and Arg-Gly-Asp-Ser peptide (200 g/mL). 10, 11 Preparation of platelet lysates and immunoblotting after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were done as described previously. 10, 11 In vitro cleavage of STATs by calpain Platelets were lysed and immunoprecipitation done as described previously. 10, 11 The precipitated proteins were cleaved in vitro by calpain as described previously. 15 
Results and discussion
On gradient SDS-PAGE gels, the STAT5 bands often resolved into 2 closely comigrating bands ( Figure 1A , left panel). The upper band comigrated with a band recognized by anti-STAT5A ( Figure  1A , right panel), whereas the lower band comigrated with the lower band, reactive with anti-STAT5B. These 2 bands likely corresponded to STAT5A and STAT5B. When platelets were treated with dibucaine, a recognized activator of calpain, [13] [14] [15] [16] we observed a significant loss of immunoreactive STAT5 and the generation of bands ( Figure 1A , left panel, arrowheads) of lower molecular weights, reactive with anti-STAT5 ( Figure 1A , middle lane). Inhibition of calpain activation by calpeptin resulted in inhibition of cleavage of STAT5 ( Figure 1A, right panel) . None of these STAT5-like molecules reacted with antibodies against the carboxyterminal domains of STAT5A or STAT5B ( Figure 1A , middle and right panels), thereby indicating that the bands were STAT5 molecules, which lack the carboxy-terminal domains. Thus, truncation of the carboxy-terminal domains of STAT5 can occur independently of nuclear elements; and calpain, a cysteine protease, is probably responsible for truncation of STAT5.
We next investigated whether calpain cleaves STAT5 in vitro. STAT5A and STAT5B were immunoprecipitated, and the precipitates were incubated with -calpain in the presence or absence of ionized calcium. The data from the blot analysis shown in Figure  1B indicate that, after incubation with calpain, the apparent molecular weights of both STAT5A and STAT5B decreased in a fashion dependent on ionized calcium, resulting in the generation of multiple bands reactive with an anti-STAT5 MoAb. None of these generated bands were recognized by a polyclonal antibody against the carboxy-terminal domain of STAT5, thereby indicating that all of the bands were truncated STAT5 molecules devoid of the carboxy-terminal domain ( Figure 1C ). When platelets were activated with thrombin and simultaneously stirred to induce platelet Figures 1A and 1B , respectively, except that the blots were probed by using anti-STAT3 antibodies. (C) Cleavage of STAT3 during platelet aggregation. Methods were the same as those described in the legend for Figure 1C except that STAT3 was recognized by the anti-STAT3 MoAb as in Figure 2A . 19 ,20 a significant loss of STAT5 immunoreactivity was observed ( Figure 1D ), resulting in appearance of a major cleaved band (as in Figure 1A ). The band was not recognized by anti-STAT5 antibodies reactive with the carboxy-terminal domain of STAT5 (data not shown).
It is known that STAT3 variants (termed STAT3␤) can be generated through alternative splicing leading to a loss or major defect in the carboxy-terminal domain of STAT3. 20 We also conducted experiments to assess the possibility that STAT3 is a substrate for calpain in platelets. The results of the blot analysis shown in Figure 2 clearly indicate that STAT3 is a substrate for calpain in vivo and in vitro. The anti-STAT3 MoAb used for the blotting analysis (Figure 2A , left panel, and Figure 2B ) recognizes the amino-terminal domain of STAT3. Because the cleaved STAT3 molecules were not recognized by the anticarboxy-terminal domain of STAT3 (Figure 2A , right panel), these truncated STAT3 molecules must lack the carboxy-terminal domain while retaining a relatively intact amino-terminal domain. In addition, we found that cleavage of STAT3 also occurred during platelet aggregation ( Figure 2C ). Although these data do not directly indicate that calpain mediates cleavage of STATs on platelet aggregation, they are consistent with such a hypothesis.
To our knowledge, this is the first report of calpain-mediated cleavage of STAT3 and STAT5 in vivo and in vitro. Although we found that -calpain cleaves STATs, -calpain may also be involved in truncation of STATs in platelets, since A23187-induced or thrombin-induced cleavage of several substrates for calpain was observed in platelets from -calpain null mice. 17 Because truncation of STATs occurred in platelets, the nuclear element is not necessary for calpain-mediated trimming of STATs. Although truncation of the carboxy-terminal domain of STAT5 by a serine protease resulted in generation of a dominant-negative form, [6] [7] [8] [9] additional trimming of the carboxy-terminal domain of STAT5A due to alternative splicing has also been reported. 21 Overexpression of truncated STAT5A (devoid of transactivation and Src homology 2 domains) in interleukin 3 (IL-3)-dependent FDCP-1 cells increased DNA-binding activity of endogenous (wild-type) STAT5, enhanced proliferation, and prevented apoptosis after deprivation of IL-3. 21 Our finding that cleavage of both STATs by calpain led to generation of multiple bands, some of which had molecular weights similar to those in earlier reports, indicates that the effects of truncation of STATs by calpain are complex.
